The efect of the M protein of Streptococcus equi subsp. equi on complement deposition, complement degradation, and bacterial survival in equine whole blood was examined in vitro. Preincubation of bacteria with rabbit M protein-specific immunoglobulin G (IgG) inhibited the survival of the M+ strain in whole blood by 20-fold (P < 0.01). In addition, preincubation of bacteria with M protein-specific F(ab')2 fragments inhibited the survival of M+ cells in whole blood by 3.8-fold (P < 0.01). In the absence of specific antibody, an M+ strain (CF32) of S. equi subsp. equi survived 100-fold better in whole blood than an M-isolate (strain 19) (P < 0.01). Complement inactivation by cobra venom factor significantly enhanced the ability of the M-and M+ strains of S. equi subsp. equi to survive in whole blood, the latter in the presence or absence of M protein-specific IgG.
Streptococcus equi subsp. equi causes strangles, a highly contagious disease of the family Equidae that is characterized by fever, inflammation of the upper respiratory tract, and abscess formation in the draining lymph nodes. Convalescent horses produce both serum and nasopharyngeal mucosal antibodies to the M protein. This protein is believed to inhibit phagocytosis, and immune responses against it are protective in mice and horses (21, 26, 40, 45) . In addition, a strain of S. equi subsp. equi deficient in M protein production is much less virulent for mice than a normal S. equi subsp. equi strain (7a) .
Phagocytosis is widely regarded as a critical phase in clearance of streptococcal infection. The mechanism by which the S. equi subsp. equi M protein reduces the ability of horse neutrophils to phagocytose the bacteria has not yet been elucidated. Efficient phagocytosis requires heavy and uniform opsonization of the microorganism by molecules which neutrophils recognize, principally the Fc portion of antibody and C3 breakdown products; thus, efficient binding of antibody and/or C3 to the bacterial surface is normally essential for efficient clearance of these organisms (20) . Activation of complement by gram-positive organisms leads to deposition of C3b, iC3b, and C3d on their surface (8, 19) , and deposition of these molecules on the surface of Streptococcus pneumoniae, Streptococcus agalactiae (group B), and Streptococcus pyogenes (group A) has been shown to be necessary for efficient phagocytosis by neutrophils (5, 15, 24, 32) . In all of these cases, type-specific antibody has been shown to enhance complement-mediated phagocytosis. The binding of antibody not only can increase the efficiency of phagocytosis itself but also can increase the amount of C3 present by activating the classical pathway.
The S. equi subsp. equi M protein may be similar in function to the S. pyogenes M protein, which has been shown to exert at least some of its antiphagocytic effect by reducing the amount of C3 deposited onto the bacterial surface (5, 25, 32) . Recently, it has been shown that the S. pyogenes M protein binds both fibrinogen, which may mask C3b binding sites (13, 34, 43, 44) , and complement factor H, which acts by binding to C3b, thus allowing factor I to cleave C3b into iC3b and C3c (22, 23) . Although iC3b can act as an opsonin, it cannot act as part of the C3 convertase in the alternative pathway; consequently, the amount of C3 deposited is reduced.
Previous studies have indicated that complement may be important in the host defense against S. equi subsp. equi. The peptidoglycan of S. equi subsp. equi has been shown to be a potent activator of the alternative pathway, and inactivation of this pathway has been demonstrated to significantly reduce the chemotactic response of equine neutrophils to S. equi subsp. equi (31) . In this report, experiments are described in which M protein-specific antibody and a strain of S. equi subsp. equi (strain 19) Complement inactivation of horse plasma. In samples in which complement was inactivated, horse blood was preincubated with cobra venom factor (CVF) (6 U/ml [Diamedix, Miami, Fla.]) for 15 min at 37°C while shaking. This procedure was shown to inactivate at least 88% of the hemolytic activity, as determined by lysis of rabbit erythrocytes (7) . Plasma samples were periodically checked for hemolytic activity to assure that the CVF was still active.
Bactericidal assay. Sixteen-hour cultures of strains CF32 and 19 were diluted to approximately 3.33 x 103 CFU/ml in VBS++. Chains of bacteria were broken by drawing the suspensions repeatedly through a 27-gauge needle. Aliquots (15 pl1, 50 CFU) of this suspension were placed in separate 2-ml polypropylene tubes containing 85 [lI of either M proteinspecific IgG, NR IgG, M protein-specific F(ab')2 fragments, NR F(ab')2 fragments, or VBS+ + alone and incubated on a shaker for 30 min at 37°C. Fresh heparinized equine blood (400 p1) was then added to serve as a source of complement and neutrophils and incubated for 3 h at 37°C while shaking. A control tube with plasma only (no neutrophils) was included for each sample. Samples which had cells pretreated with NR IgG or M protein-specific IgG were sonicated for 10 s to break up the long chains which tend to form when streptococci are grown in the presence of specific IgG (29, 39) . In samples in which complement was inactivated, the blood was preincubated with CVF as described above. To control for the effect of this incubation, untreated blood was also preincubated for 15 min at 37°C while shaking. At the end of the incubation period, samples were split in half to facilitate counting of large numbers, combined with 250 pl of horse blood and 15 ml of molten Trypticase soy agar, and added to a petri dish. The plates were incubated for 1 to 2 days at 37°C, and the total numbers of bacteria on both sample plates were counted and added together. Four experiments were performed, and all samples for each trial were tested in duplicate. The average count for each experiment was taken for statistical analysis by the Student's two-tailed t test (paired samples).
Neutrophil purification. Some bactericidal assays contained samples which were incubated with neutrophils purified by Percoll gradient (Sigma) instead of whole blood (37) . Since these assays were designed to compare the relative survival of bacteria when incubated with purified neutrophils versus that with whole blood, 107 neutrophils (the same number found in 400 ,l of whole blood) were added. 
RESULTS
The effect of preincubation of CF32 (M+) with M proteinspecific IgG on this strain's growth and survival in equine whole blood is shown in Table 1 . Survival of M+ cells pretreated with M protein-specific IgG diminished to 1/20 that of M+ cells pretreated with NR IgG. However, there was no significant difference between the survival of these groups when complement was inactivated with CVF, implying that complement is necessary to inhibit the survival of this strain even in the presence of specific antibody. Bacteria in both groups multiplied equally well when incubated in plasma alone in the presence or absence of complement. It should be noted that when strain CF32 was pretreated with intact rabbit IgG, the overall numbers of bacteria at the end of the assays (Table  1) were higher than those of bacteria which were untreated ( S. pyogenes (38) , and on S. equi subsp. zooepidemicus, a close relative of S. equi subsp. equi (47) .
The relative ability of strains CF32 (M+) and 19 (M-) to grow and survive in equine whole blood is shown in Table 2 . M+ cells survived 105 times better than M-cells in equine whole blood. When complement was inactivated, survival of both strains was significantly enhanced (P < 0.01). The Mstrain did not multiply quite as well in plasma as the M+ strain. This inhibition of growth may have been due to the enhanced complement deposition on the M-strain (described later), since both strains multiplied equally well in complementdepleted plasma.
It is widely believed that the killing of S. pyogenes incubated in human whole blood is mainly carried out by neutrophils and not other cell types such as monocytes or lymphocytes. To make sure this was also true for S. equi subsp. equi, we compared the survival of the M+ strain after incubation with purified neutrophils and plasma with that after incubation with whole blood. No significant difference between these groups was observed (whole blood, 151 + 31; neutrophils, 182 ± 39), confirming that the neutrophils were the main cell type responsible for bacterial killing. Since the amount of C3 deposited on M+ bacteria increased when they were pretreated with M protein-specific F(ab')2 fragments, their effect on the ability of S. equi subsp. equi to survive in equine blood was also investigated. M+ cells which were pretreated with M protein-specific F(ab')2 fragments survived only about one-fourth as well in equine whole blood as M+ cells treated with NR F(ab')2 fragments (Table 1) . There was no difference in the numbers of bacteria surviving either treatment when incubated in plasma instead of whole blood (Table 1) .
To examine the forms of C3 deposited on the M-and M+ strains in vitro, these strains were opsonized in nonimmune plasma for increasing time intervals, the C3 was removed from the surface of the cells with hydroxylamine, and the extracts were analyzed by SDS-PAGE. Immunoblots of the gels probed with C3-specific antiserum revealed that the major opsonic forms of C3, C3b and iC3b, were deposited on the surface of both the M-and M+ strains after incubation (Fig. 2) . In addition, C3 was not degraded on the cell over time. Thus, the resistance of the M+ strain to killing in vitro was not due to the absence of an opsonic form of C3 on the bacterial surface.
DISCUSSION
In previous studies, the presence of serum-opsonizing antibody to S. equi subsp. equi was correlated with protection against strangles (2) . The (3, 14, 16, 27) . In contrast, numbers of M+ S. equi subsp. equi increased only twofold during incubation in whole blood. Even during incubation in plasma alone, their numbers were only 30 to 60 times larger than the original inoculum. These results could mean that there is a difference in the doubling time of S. equi subsp. equi and S. pyogenes and/or that special nutritional needs of S. equi subsp. equi are not met in whole blood. In addition, the ability of S. equi subsp. equi M protein to enable this bacteria to resist killing by equine neutrophils may be lower than that conferred by certain group A M protein types on the ability of S. pyogenes to resist killing by human neutrophils.
The second discrepancy relates to an observation that C3 distributed on the surface of the M+ strain of S. pyogenes appeared patchy compared with that observed on the Mstrain (25) . No patchiness in the distribution of C3 on the surface of the M+ strain of S. equi subsp. equi was observed. This is important because an uneven distribution of opsonin on an organism's surface can inhibit phagocytosis (20) . While C3 appeared to be in higher concentrations on the edge of the cells, this was probably an artifact created by observing a three-dimensional organism in two dimensions. Immunofluorescent staining of M protein on the surface of S. pyogenes has given rise to a similar artifact (17) .
In conclusion, it is apparent that the M protein of S. equi subsp. equi enhances bacterial survival in whole blood, at least in part by inhibiting complement deposition on the surface of the cell. Further work needs to be performed to determine the mechanism by which the M protein inhibits complement deposition and whether neutralizing this function allows S. equi subsp. equi to be killed more efficiently in vivo.
